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Onion (Allium cepa), a very commonly used vegetable, ranks third in the world production of major vegetables (Mitra et al. 2012 ). In the manufacture of processed foods such as soups, sauces, salad dressings, sausage and meat products, packet food and many other convenience foods, dehydrated onion is normally used as flavour additive, being preferred to the fresh product, because it has better storage properties and is easy to use (Rapusas, Driscoll 1995; Kaymak-Ertekin, Gedik 2005) . Onion is an important vegetable to serve as ingredients in dishes, as toppings on burgers, in seasonings, as chip coatings etc. (Sharma et al. 2005a) .
Conventional air-drying is a simultaneous heat and mass transfer process, accompanied by phase change (Barbanti et al. 1994 ) being a high cost process. However, water removal using high temperatures and long drying times may cause serious decreases in nutritive and sensorial values, damaging mainly the flavour, colour and nutrients of dried products (Lenart 1996; Lin et al. 1998) . Osmotic dehydration was used as pre-treatment to reduce air drying time and improve the product quality (Torreggiani 1993; Jayaraman, Gupta 1995; Karathanos et al. 1995; Sereno et al. 2001; Revaskar et al. 2007 ). Other advantages include limited heat damage, improved textural quality, vitamin retention, flavour enhancement and colour stabilization (Ade-Omowaye et al. 2003) .
Osmotic dehydration is the most reported pretreatment used prior to air-drying (Lombard et al. 2008; Mundada et al. 2010) . It removes water from the fruit or vegetable up to a certain level, which is still high for food preservation so that this process must be followed by another process in order to lower even more the fruit water content. It is a useful technique that involves the immersion of the fruit in a hypertonic aqueous solution leading to the loss of water through the cell wall membranes of the fruit and subsequent flow along the inter-cellular space before diffusing into the solution (Sereno et al. 2001) . As a partial dehydration process, osmosis may be regarded as a simultaneous water and solute diffusion operation, wherein the sample incurs a gain of solids and a simultaneous loss of moisture (McMinn, Magee 1999b) . The shelf life quality of the final product is better than without such treatment due to the increase in sugar/acid ratio, the improvement in texture and the stability of the colour pigment during storage (Lombard et al. 2008) .
Osmotic dehydration combined with drying technologies provides an opportunity to produce novel shelf stable types of high quality product. The drying kinetics of food is a complex phenomenon and requires simple representations to predict the drying behaviour, and to optimize the drying parameters. Recently, studies were done on drying kinetics of fruits and vegetables (Togrul, Pehlivan 2002; Doymaz 2004; Jain, Pathare 2004; Akpinar, Bicer 2005; Sharma et al. 2005a; Goyal et al. 2006; Mundada et al. 2010 ). However, very limited studies were found in the literature which relate to the influence of pre-treatments, i.e. osmotic dehydration, on drying kinetics of onion. The objective of this study was (i) to investigate the influence of pre-treatments and drying air temperature on the drying behaviour of onion, (ii) to evaluate a suitable thin-layer drying model for describing the drying process, and (iii) to calculate the effective moisture diffusivity.
MATERIALS AND METHODS
Raw material. The fresh white onion bulbs (cv. V-12) were used in the present study. The white onion bulbs were stored in storage chamber maintained at a temperature of 4 ± 1°C and 70% air relative humidity until experiments were completed. Onions were taken from the storage and were allowed to equilibrate with ambient conditions for about 2 h followed by hand peeling. The peeled onions were cut into circular slices of thickness equal to 4 ± 0.1 mm using a manual stainless steel cutter. A sample size of about 200 g was used in each drying experiment. Initial moisture content of each sample was determined using the oven drying method which ranged between 4.56 and 5.45 g H 2 O/g dry matter (DM).
Osmotic dehydration. The onion slices were partially dehydrated using osmotic drying technique. The slices were placed in different containers holding 10, 15 and 20°Brix of NaCl solution at ambient temperature (30°C) for 1 h; and stirring of the solution was done at regular intervals of 15 minutes. Solution to sample ratio was kept as 2.5:1 in each experiment. After a period of 1 h, slices were removed quickly and blotted gently using a tissue paper to remove the surface moisture.
Hot air drying. Samples non-treated and pretreated in osmotic solution (10, 15 and 20°Brix NaCl solution) were dried in a laboratory tray dryer. The dryer consisted of a drying chamber, electric heater, fan and a temperature controller. Experiments were conducted at 50, 60 and 70°C air temperature and at a constant airflow velocity of 1.5 m/s. Slices of raw onion samples were uniformly spread in each trays and kept in dryer. Moisture loss was recorded in 5 min interval for an hour, then the weighing interval was increased to 10 min for next one hour; further readings were taken at 15 min interval by a digital balance of 0.01 g accuracy. The drying continued till the final moisture content of about 0.07 g water per g dry matter was reached in the dried product. Experiments were replicated three times. In total, 12 treatments combination as described in Table 1 were conducted.
Mathematical modelling. Mathematical modelling is essential to predict and simulate the drying behaviour. It is also an important tool in dryer's design, contributing to a better understanding of the drying mechanism. To select a suitable model for describing the drying process of onion slices, drying curves were fitted with five thin-layer drying equations (Eqs 1-5), (Togrul, Pehlivan 2002; Doymaz 2004; Akpinar, Bicer 2005) .
Exponential MR = exp (-kt) (1)
where:
-exponent specific to each model
The acceptability of the model was determined by the coefficient of determination R². In addition to the coefficient of determination, the goodness of fit was determined by various statistical parameters such as reduced mean square of the deviation χ², mean bias error E MB and root mean square error E RMS . For quality fit, R² value should be higher, close to one, and χ², E MB and E RMS values should be lower (Sarsavadia et al. 1999; Togrul, Pehlivan 2002; Demir et al. 2004; Erenturk et al. 2004) .
Moisture diffusivity. In drying, diffusivity is used to indicate the flow of moisture out of material. In falling rate period of drying, moisture transfer within the food is mainly by molecular diffusion. Moisture diffusivity is influenced by shrinkage, case hardening during drying, moisture content and temperature of material. The falling rate period of biological materials is best described by Fick's second law of diffusion (Crank 1975) . Uniform initial moisture distribution throughout the sample, negligible external resistance to movement and onion slices releasing the moisture from top as well as from bottom surface are assumed. The solution of the above mentioned equation as proposed by Crank (1975) for plane sheet of half thickness (Sharma et al. 2005b ) is:
Simplifying this by considering only first term of the series, the equation reduced to:
Rearranging the above mentioned Eq. (7):
The ln(MR) versus drying time (t) was plotted which would result in straight line and slope of the line would be used to estimate moisture diffusivity during the drying process. Table 1 . Drying air temperature has an important effect on drying. At higher temperature, due to the quick removal of moisture, the drying time was shorter. Similar observations were reported for drying of garlic slices (Madamba et al. 1996) , onion slices (Sarsavadia et al. 1999) , and egg plants (Akpinar, Bicer 2005) . In case of onion slices pre-treated with osmotic solution, drying time at all air drying temperatures decreased with the increase in the concentration of NaCl in osmotic solution. The reason of it is that the treatment with the higher NaCl concentration resulted into removal of substantial amount of moisture from the onion slices. Fig. 1 shows the experimental data (moisture ratio versus drying time) obtained for air at temperatures ranging from 50 to 70°C, and a constant flow rate of 1.5 m/s. As it would be expected, during the initial stages of drying there was a rapid moisture removal from the product, which later decreased with an increase in drying time. From these figures it can be seen that the moisture ratio decreases continually with drying time. As expected, drying air temperatures had much stronger effect on the drying moisture content of onion. The temperature influence was higher at 70°C air temperature. The absence of a constant drying rate period may be due to the thin layer of product that did not provide a constant supply of water for an applied period of time. Continuous decrease in moisture ratio indicates that diffusion has governed the internal mass transfer. This is in agreement with the results of study on onions (Mazza, Lemaguer 1980) , lettuce and cauliflower leaves (Lopez et al. 2000) and figs (Piga et al. 2004) . Onion slices did not exhibit a constant rate period of drying. The drying occurred Vol. 60, 2014, No. 3: 92-99 Res. Agr. Eng.
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under falling rate of drying period. Similar results were also reported for the drying studies on plum (Ibitwar et al. 2008 ) and apricots (Doymaz 2004) .
Mathematical modelling of drying curves
The moisture ratio data of pre-treated and nontreated onion slices dried at various temperatures were fitted into the different thin-layer drying models listed above section and the values of (R 2 ), χ², E MB and E RMS , are summarized in Table 2 .
It was observed that in all cases, the values of R² were greater than 0.90, indicating a good fit (Madamba et al. 1996; Erenturk et al. 2004 ) except for power law model. However, the Page model gave comparatively higher R² values in all the drying treatments (0.9825-0.9939) and also the χ² (0.0033-0.01026 × 10 -3 ), E MB (0.00319-0.00941 × 10 -3 ) and E RMS (0.00565-0.00970) values were lower. Hence, the Page model may be assumed to represent the thin-layer drying behaviour of onion slices. Demir et al. (2004) and Goyal et al. (2006) reported a similar result for air-drying of bay leaves and raw mango slices, respectively. Fig. 2 suggests the experimental moisture ratios fitted with the page model at various air temperatures for onion samples, also Fig. 3 shows a comparison between both observed and predicted moisture values obtained using the Page model, which gave the best fit for the entire onion drying process. This means that the model has very high performance for describing the characteristics of drying curves.
Effective moisture diffusivity
The effective moisture diffusivity, D eff , was calculated using the slopes method (Doymaz 2004; Pathare, Sharma 2006) and its results are given in Table 1 . The moisture diffusivity value of food material was affected by moisture content as well as temperature. At lower level of moisture content the diffusivity is less than that of high moisture content. Also it was observed that moisture diffusivity increased with drying air temperature in both nontreated and pre-treated samples (Rahman, Lamb 1991; Pokharkar, Prasad 1998) . The moisture diffusivity varied in the range of 0.78 to 1.21 × 10 -10 m²/s and 0.83 to 1.30 × 10 -10 m²/s for non-treated and pre-treated onion samples depending on the drying air temperature, respectively. These values are within the general range of 10 -8 to 10 -12 m²/s for drying of food materials (McMinn, Magee 1999a) . The pre-treatment affected the internal mass transfer during drying. Table 1 also indicates that the effective moisture diffusivity during convective dehydration of osmosed samples was higher than untreated samples. Effective moisture diffusivity with osmotic pre-treatment can increase due to loosening of the surface cellular structure and leaching of some soluble components of the external cell layers of onion slices during soaking in osmotic solution. Similar results were reported in apricot cubes (Riva et al. 2005) , in melons (Rodrigues, Fernandes 2007) and in pomegranate arils (Mundada et al. 2010 ).
CONCLUSIONS
The effect of temperature and pre-treatment on drying behaviour of onion slices in tray dryer was investigated in this study. An increase in drying air temperature decreased drying time. Pretreated onion slices have shorter drying time than the untreated samples. The entire drying process occurred in falling rate period and constant rate period was not observed. Five thin-layer drying equations were investigated for their suitability to describe the drying behaviour of onion slices. The Page model shows the best fit with high values for the coefficient of determination and low χ², E MB and E RMS values. The effective moisture diffusivity varied in the range of 0.78 to 1.21 × 10 -10 m²/s and 0.83 to 1.30 × 10 -10 m²/s for non-treated and pretreated onion samples depending on the drying air temperature, respectively.
